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Abstract 
Techniques of well construction currently used in oil industry and for underground CO2 storage typically involve cementing a 
casing or liner in a borehole. Cement integrity affects the overall integrity of the well. Developing new sealing materials and 
predicting long-term integrity of CO2 injection wells requires a good understanding of defects in well cement, and how these 
defects may affect the well integrity. In this paper, voids and channels are observed in the cement near different cement-steel 
interfaces using a scanning electron microscope (SEM). The effect of voids on the stress state under mechanical or thermal 
loading of the near-well area is assessed numerically using a finite-element model of the casing-cement-rock system. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Currently used techniques of well construction in oil industry and underground CO2 storage involve casing and 
cementing of a borehole. When an interval has been drilled, casing is run and installed in the well. Cement is then 
injected into the annulus between the casing pipe and the surrounding rock formation. After hardening, the cement 
provides mechanical stability to the borehole wall so that the latter does not collapse onto the casing. Another vital 
function of the cement is to ensure zonal isolation so as to prevent fluid flow between geological strata. 
Securing the zonal isolation is particularly important in CO2 underground storage since CO2 is buoyant and would 
tend to migrate up the microannulus along the well if such a pathway is available. This makes the requirements for 
CO2 injection wells more stringent than for the ordinary water injection wells or plugged and abandoned production 
wells. In addition, considerable variations of the downhole temperature may occur during injection/shut-in cycles of 
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CO2 wells caused by CO2 expansion and the ensuing Joule-Thomson effect [1]. This calls for CO2 injection wells to 
be more robust than what is normally required in the oil and gas industry. Moreover, well integrity of CO2 wells 
needs to be ensured in a very long term (thousands of years). 
Production of hydrocarbons from and injection of fluids (water, CO2) into underground formations are 
accompanied by changes of in-situ stresses. In particular, horizontal stresses can increase or decrease in the reservoir 
and in the cap rock via poroelastic coupling effects [2, 3]. In addition, injection of a relatively cold or hot fluid into 
subsurface may induce thermal stresses, especially in the near-well area [4]. Stress changes around cemented wells 
may have a detrimental effect on well integrity by introducing damage to casing or cement [5]. Tensile fracturing in 
cement can be induced if sufficiently high tensile stresses develop. In particular, a tensile circumferential stress (also 
known as the 'hoop stress') may induce radial tensile fractures, while a tensile radial stress may induce fractures 
oriented parallel to the borehole wall. It should be noted that, due to heterogeneity of well cement, the directions of 
the fractures will never be perfectly radial or perfectly parallel with the borehole wall. Experiments and numerical 
studies show that e.g. voids and stiff inclusions in materials make fractures deviate, respectively, towards the voids 
or away from the stiff inclusions [6]. Moreover, voids give rise to local stress concentrations when cement is 
stressed. Voids can therefore act as crack nucleation sites. 
Whether or not a fracture (or a failure zone) in well cement has a detrimental effect on the well integrity depends 
on the fracture aperture and dimensions. A fracture extending along an entire cemented interval might, in principle, 
develop into a leakage pathway. Whether or not the latter happens, depends on the properties of cement, the extent 
of loading as well as possible fracture sealing by e.g. carbonate deposition [7]. Even if a continuous flow path does 
become established, the aperture of the fracture might be so small that no appreciable leakage is induced. 
Developing new sealing materials and predicting long-term integrity of boreholes used for CO2 injection (or 
otherwise) call for a good grasp of voids in well cement, and their potential impact (or the lack of such) on well 
integrity. In this paper, experimental observations of voids in Portland G cement in the vicinity of a steel pipe 
surface are presented in Section 2. The effect of voids on mechanically- and thermally-induced stresses in cement is 
assessed numerically in Section 3. Implications of the results for underground CO2 storage are discussed in Section 
4. Conclusions are drawn in Section 5. 
2. Voids in cement: experimental observations 
Failure in cement can be promoted by imperfections present in this material, such as inherent voids or cracks. 
Experiments were set up in order to verify that inherent voids can exist in set cement. A series of composite steel 
pipe – Portland G cement samples were prepared. For some samples, the pipe was first covered with a drilling fluid 
layer. The pipe had an inner diameter of 8 mm, outer diameter of 10 mm and length of 3 mm, and represented a 
downscaled version of a casing pipe. The sample size was constrained by the SEM sample holder dimensions and 
the chamber height. A longer plastic ring (about 2 cm in diameter) surrounded the steel pipe and served to prevent 
cement leak during cement setting period. The cement paste was blended according to the API 10A procedure and 
poured within and around the steel pipe so that it covered the steel completely. The samples were then cured in an 
oven at 66°C temperature and 15 bar nitrogen gas pressure for one week. After the cement had set, the samples were 
taken out of the oven and polished to expose the steel ring. The samples were studied by standard optical microscope 
and by a scanning electron microscope (SEM, Table Top Hitachi TM3000). The top surfaces revealing cement-steel 
bonding were studied first. The images were taken all the way around the cement-steel interfaces, both inside and 
outside the steel pipe. After studying the sample from the top, the cement was detached from the steel pipe, and the 
cement wall that was in contact with steel was studied. This perspective gave a better overview of cement quality at 





































Fig. 1. (a) SEM image of the cement wall that was in actual contact with the steel surface (side view). Many voids are present at the very cement-
steel interface. A rough region close to the top surface of the sample, marked with the red arrow, is visible. (b) Higher magnification of the rough 
region at the top. (c) Smooth cement surface indicates good bonding to the steel. (d) Calcium hydroxide platelets crystalized inside one of the 
interface voids.  
 
Voids were found at or close to the steel wall. Fig. 1 shows a cement surface that was in direct contact with the 
outer surface of the steel pipe, and was detached for the SEM study. Voids were present at the very interface (Fig. 
1a, b, d) and were surrounded by smooth regions which were probably bonded to the steel (Fig. 1c). One of the 
voids, filled with calcium hydroxide crystals, is enlarged in Fig. 1d. This void was in direct contact with steel wall. A 
number of voids near the interface between steel and cement are evident also in Fig. 2. Similar voids were earlier 
observed at cement-rock interfaces [8, 9]. In general, as long as there are air bubbles in the injected cement, voids 
are bound to be present after the cement sets, also in the well. When set cement is subjected to stress changes or to 
temperature variations in the near-well area, voids may act as stress concentrators facilitating crack nucleation. For 
this reason, even when voids are not interconnected and thus cannot provide a continuous leakage path along the 
well, they may still have a detrimental effect on cement integrity by promoting fracturing, as detailed in Section 3. 
In addition to isolated bubbles, channels running along the well may be present in the annulus after a cement job. 
An example of channels caused by drilling fluid still remaining in the annulus and on the casing surface before 
cementing is shown in Fig. 2. In this sample, channels (and voids) were present at the outer wall of the steel pipe, 
while the inner interface mostly developed debonded cement. Moreover, the cement near the interface was 
contaminated with drilling fluid and thus became more porous than the bulk cement after setting. 




























Fig. 2. Multiple voids and channels along cement-steel interface (top view). The steel wall was exposed to drilling fluid before cementing. (a, b, 
c) Large voids and channels are present close to or at the outer interface. The inner interface predominantly developed debonding and fracturing 
within the ITZ. (d) A region with a better bonding. 
 
Such channels are caused by less-than-optimal displacement of the drilling fluid by the spacer before cement 
injection into the annulus. In particular, it might be difficult to have the mud completely displaced from the 
narrowest parts of the annulus. Constrictions in the annulus can be caused by e.g. eccentric positioning of the casing 
pipe in the well, especially in deviated and horizontal wells. Annular constrictions in shale may be caused by non-
uniform swelling. Moreover, even the original, newly drilled borehole cross-section is rarely circular in sedimentary 
rocks. Breakouts caused by anisotropic in-situ stresses, and washouts caused by the action of the drilling fluid and 
the drill pipe often make the borehole cross-section noncircular [10]. 
Irregular shape of the borehole cross-section gives rise to complex flow patterns during cement injection into the 
annulus. The result is imperfect cementing, with channels of undisplaced mud creating potential leakage paths along 
the well. The existence of such channels, and their detrimental effect on well integrity, have been recognized in the 
industry for a long time [11]. 
3. Voids in cement: implications for cement failure 
Experimental observations summarized in Section 2 suggest that voids (channels or bubbles) can be present in 
well cement. Numerical stress analysis enables a closer look at the effect such imperfections might have on the stress 
distribution and fracturing in the annular cement during mechanical or thermal loading. 

















Fig. 3. Finite-element model of casing, cement and rock. Cement is shown as a red ring between casing and rock. 
     Table 1. Material properties used in finite-element simulations. 
An example of a column heading Casing Cement Rock 
Density, kg/m3 8000 2800 2750 
Young's modulus, GPa 220 10 10 
Poisson's ratio 0.3 0.3 0.3 
7KHUPDOFRQGXFWLYLW\:PÂ. 30 1 1 
6SHFLILFKHDWFDSDFLW\-NJÂ. 500 1000 1000 
7KHUPDOH[SDQVLRQFRHIILFLHQW. Â-6 Â-6 RUÂ-6 Â-6 
 
 
A two-dimensional finite-element model of a cemented well was set up in ABAQUS (Fig. 3). The casing having 
the inner diameter of 300 mm and the outer diameter of 340 mm was surrounded by a ring of cement having the 
inner diameter of 340 mm and the outer diameter of 380 mm. The cement (red ring in Fig. 3) was surrounded by 
rock having the inner diameter of 380 mm and the outer diameter of 500 mm. The material properties used in the 
simulations are shown in Table 1. 
Two circular voids were placed in cement as shown in Fig. 3. The shape of the voids was idealized in this 
numerical study. In reality, voids of different aspect ratios and irregular shapes can be present in cement, as the 
experimental observations presented in Section 2 suggest. The objective of our numerical simulations was, however, 
not to study a particular void geometry, but to demonstrate the overall role of voids as stress concentrators. As such, 
a circular void is a fair first-order approximation. The voids were placed at diametrically opposite locations. The 
center of the left-hand void in Fig. 3 was located at a distance of 0.7 mm from the casing wall. The center of the 
right-hand void was located at a distance of 5 mm from the casing wall. The diameter of both voids was 1 mm. Since 
the model was 2D, the voids effectively represented cylindrical channels running along the well in cement. Mesh 
refinement around the voids is shown in Fig. 4. 
Two simulations were performed in order to quantify: 
 
(i) the effect of voids / channels in cement when the far-field in-situ stresses change; 
(ii) the effect of voids / channels in cement when temperature is changed in the near-well area. 
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In simulation (i), the radial stress applied at the outer boundary of the model was increased from 0 to 1 MPa. In 
the case of a vertical well, this could represent a uniform increase in the far-field horizontal in-situ stresses caused by 
e.g. CO2 injection. The problem was solved in ABAQUS as a plane-strain problem, as is common in borehole stress 
analysis. 
The distribution of the von Mises stress caused by the increase of the external stress by 1 MPa is shown in Figure 
5. It is evident from Fig. 5 that the increase in the in-situ stress by 1 MPa brought about an increase of the von Mises 
stress by up to 1.8 MPa near the void. Such stress changes, provided they are sufficiently large, may promote shear 
failure around voids. It should be stressed that shear failure by itself does not automatically mean loss of wellbore 
integrity or development of a continuous leakage pathway. The result demonstrates, however, consequences of 
having defects in cement, and shows why efforts are being made throughout the industry to improve the quality of 
well cementing. 
In the second simulation, no mechanical stresses were applied. Instead, the entire system (casing, cement and 
rock) was cooled down by 10qC. This induced thermal stresses in the system. Two cases were simulated: (A) 
WKHUPDOH[SDQVLRQFRHIILFLHQWRIFHPHQWHTXDOWRÂ-6 .%WKHUPDOH[SDQVLRQFRHIILFLHQWRIFHPHQWHTXDOWR
Â-6 .,QFDVH$WKHWKHUPDOH[SDQVLRQFRHIILFLHQWRIFHPHQWWDNHVRQDYDOXHW\SLFDORIGUDLQHGFRQGLWLRQV
In case (B), the thermal expansion coefficient of cement takes on a value typical of undrained conditions [12]. Case 
(A) is thus relevant for a relatively slow cooling where the pore fluid has enough  time to migrate. Fast cooling 
would be closer to the undrained case (B). The WKHUPDOH[SDQVLRQFRHIILFLHQWRIWKHURFNZDVHTXDOWRÂ-6 .LQ
both cases (drained conditions, e.g. a high-permeability sandstone). The thermal expansion coefficient of casing 
Â-6 .ZDVJUHDWHUWKDQWKHWKHUPDOH[SDQVLRQFRHIILFLHQWRIFHPHQt in case (A), while the opposite was true 




























Fig. 4. Mesh refinement around the voids with the void centers located at a distance of 0.7 mm from the casing wall (top panel) and 5 mm from 
the casing wall (bottom panel). 
























Fig. 5. Increase in the von Mises stress caused by a 1 MPa increase of the in-situ stresses normal to the wellbore axis. Top panel: the void center 






















Fig. 6. Maximum principal stress around the void caused by cooling of the near-well area by 10°C. The void is shown as the dark circular area. 
7KHUPDOH[SDQVLRQFRHIILFLHQWRIFHPHQWVWUDLQ.7RSSDQHOWKHYRLGFHQWHUORFDWHGDWDGLVWDQFHRIPPIURPWKHFDsing wall. Bottom 
panel: the void center located at a distance of 5 mm from the casing wall. 






















Fig. 7. Maximum principal stress around the void caused by cooling of the near-well area by 10°C. The void is shown as the dark circular area. 
7KHUPDOH[SDQVLRQFRHIILFLHQWRIFHPHQWVWUDLQ.7RSSDQHOWKHYRLGFHQWHUORFDWHGDWDGLVWDQFHRIPPIURPWKHFasing wall. Bottom 
panel: the void center located at a distance of 5 mm from the casing wall. 
Tensile stresses were induced in cement in both cases, as evident in Figs. 6 and 7. Tensile stresses are positive in 
Figs. 6 and 7. In case (A) shown in Fig. 6, the stress concentration around the voids in cement resulted in the 
maximum principal stress of 1.35 MPa near the voids while it was around 0.87 MPa in the rest of the cement. In case 
(B) shown in Fig. 7, the stress concentration around the voids in cement resulted in the maximum tensile stress of 
36…38 MPa near the voids while it was around 16 MPa in the rest of the cement. Thus, our heterogeneity in form of 
a circular channel could induce local tensile stresses on the order of nÂ(0.01…1) MPa/qC in excess of the tensile 
stresses in the bulk cement. It is interesting to note that, in the case of the void located closer to the steel wall (top 
panels in Figs. 6, 7) the tensile stress concentration caused by the void spread into the steel. It should be 
remembered, however, that perfect bonding between cement and steel was assumed in the finite-element stress 
analysis. In reality, no such perfect bonding exists, and the so-called interfacial transition zone (ITZ, nÂ10μm in 
thickness) having elevated porosity and reduced strength would exist along the interface [13, 14]. The ITZ would 
most likely shield the casing pipe from the stress concentration caused by the void. 
4. Implications for underground CO2 storage 
It has been shown in this study that voids and channels are likely to exist in well cement. The voids can be caused 
by the air present in the cement paste; by the mud remaining at the casing surface; or by cement shrinkage creating 
empty space. Even though the experimental observations in Section 2 were made on downscaled specimens, the 
mechanisms at play in these models will be present under downhole conditions where perfect removal of mud from 
the annulus before cementing is impossible. 
The results presented in Sections 2 and 3 suggest that it is important to avoid development of voids in well 
cement wherever possible. This can be achieved by using cement compositions that minimize shrinkage and by 
minimizing the amount of air in cement. Another essential measure to improve quality of well cementing is complete 
mud displacement from the annulus. Even small amounts of mud remaining on the casing or rock surface can create 
voids in set cement which will act as stress concentrators during subsequent loading history. Improving the 
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efficiency of mud displacement before cementing will improve the safety and reduce the cost of long-term CO2 
storage. Aspects of well integrity related to mud displacement and optimization of cement injection into the annulus 
are discussed in detail in another paper published in this issue [15]. 
It should be emphasized that the stresses in Figs. 6, 7 represent an addition to the stresses that were present in the 
system before cooling. Since the overall stress environment downhole is compressive, some initial compressive 
stresses are likely to exist in cement as well. The initial stress state of annular cement is usually unknown and can 
only be, at best, estimated via analytical or numerical models [12]. This initial stress state is a function of the cement 
slurry properties (e.g. shrinkage) and the external environment the cement is exposed to during setting (temperature, 
pressure, chemicals). If the initial stresses in the set cement were sufficiently low, e.g. at a shallow depth and /or 
because of cement shrinkage, the stress increments around voids caused by cooling [nÂ(0.01…1) MPa/qC from our 
simulations] might eventually lead to the maximum stress becoming tensile if the cooling were sufficiently deep. 
Cement is a brittle material, with notoriously low tensile compared to compressive strength. Therefore, the presence 
of voids and channels in cement may promote some microcracking during cooling. Whether or not such 
microcracking, facilitated by voids, can increase the hydraulic conductivity of the annulus will eventually depend on 
the actual dimensions (aperture and length) of the cracks, and may also be affected by e.g. sealing caused by 
chemical deposition by the flowing CO2 [7]. 
5. Conclusions 
SEM studies of the cement-steel interface have revealed voids and channels in the cement at and near the 
interface. Isolated voids and channels may serve as fracture nucleation sites during subsequent thermal or 
mechanical loading if sufficiently high concentrations of thermally- or mechanically-induced stresses develop 
around them. As such, voids and channels may adversely affect well integrity even when they do not create a 
connected flow path. However, fracture nucleation does not necessarily mean that cement integrity is jeopardized. 
Neither do such fractures necessarily create a continuous flow path through the annulus. 
Reducing the amount of voids and improving cement properties near and along interfaces will contribute to 
improved mechanical stability of cement and the overall quality of cement jobs in CO2 injection wells. In particular, 
efforts should be invested into minimizing the cement shrinkage and air content, and improving the mud 
displacement efficiency in cementing jobs. 
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